Defects in the biosynthesis of phospholipids and neutral lipids are associated with cell membrane dysfunction, disrupted energy metabolism, and diseases including lipodystrophy. In these pathways, the 1-acylglycerol-3-phosphate O-acyltransferase (AGPAT) enzymes transfer a fatty acid to the sn-2 carbon of sn-1-acylglycerol-3-phosphate (lysophosphatidic acid) to form sn-1, 2-acylglycerol-3-phosphate [phosphatidic acid (PA)]. PA is a precursor for key phospholipids and diacylglycerol. AGPAT1 and AGPAT2 are highly homologous isoenzymes that are both expressed in adipocytes. Genetic defects in AGPAT2 cause congenital generalized lipodystrophy, indicating that AGPAT1 cannot compensate for loss of AGPAT2 in adipocytes. To further explore the physiology of AGPAT1, we characterized a loss-of-function mouse model (Agpat1 2/2 ). The majority of Agpat1 2/2 mice died before weaning and had low body weight and low plasma glucose levels, independent of plasma insulin and glucagon levels, with reduced percentage of body fat but not generalized lipodystrophy. These mice also had decreased hepatic messenger RNA expression of Igf-1 and Foxo1, suggesting a decrease in gluconeogenesis. In male mice, sperm development was impaired, with a late meiotic arrest near the onset of round spermatid production, and gonadotropins were elevated. Female mice showed oligoanovulation yet retained responsiveness to gonadotropins. Agpat1 2/2 mice also demonstrated abnormal hippocampal neuron development and developed audiogenic seizures. In summary, Agpat1 2/2 mice developed widespread disturbances of metabolism, sperm development, and neurologic function resulting from disrupted phospholipid homeostasis. AGPAT1 appears to serve important functions in the physiology of multiple organ systems. The Agpat1-deficient mouse provides an important model in which to study the contribution of phospholipid and triacylglycerol synthesis to physiology and diseases. (Endocrinology 158: 3954-3973, 2017) M ost of the glycerophospholipids (GPLs) are generated by the pathway first described by Kennedy (1). In this pathway, there is a sequential esterification of glycerol-3-phosphate by glycerol-3-phosphate acyltransferase at the sn-1 position, followed by esterification of 1-acylglycerol-3-phosphate [lysophosphatidic acid (LPA)] at the sn-2 position by 1-acylglycerol-3-phosphate O-acyltransferase (AGPAT). Before the sn-3 position can be esterified by diacylglycerol acyltransferase, the product of the AGPAT enzymatic reaction, phosphatidic acid (PA), is dephosphorylated by lipins (2, 3) [and reviewed in (4)] to produce diacylglycerol (DAG),
M ost of the glycerophospholipids (GPLs) are generated by the pathway first described by Kennedy (1) . In this pathway, there is a sequential esterification of glycerol-3-phosphate by glycerol-3-phosphate acyltransferase at the sn-1 position, followed by esterification of 1-acylglycerol-3-phosphate [lysophosphatidic acid (LPA)] at the sn-2 position by 1-acylglycerol-3-phosphate O-acyltransferase (AGPAT). Before the sn-3 position can be esterified by diacylglycerol acyltransferase, the product of the AGPAT enzymatic reaction, phosphatidic acid (PA), is dephosphorylated by lipins (2, 3) [and reviewed in (4) ] to produce diacylglycerol (DAG), which is the immediate precursor for triacylglycerol (TAG). Although lipin seems to be the main PA dephosphorylase, another class of lipid phosphate phosphatases can produce DAG (5) . PA is also a precursor for several GPLs including phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositol (6, 7) . These GPLs can also be formed by using DAG as a substrate. In addition to these pathways, several of the GPLs are later remodeled by removal of the sn-2 fatty acid by phospholipases and re-esterified by AGPATs, a phenomenon described by Lands (8) .
We and others have now reported 11 isoforms of AGPATs, which are products of different genes and have different tissue expression patterns in humans (9) . Some of these AGPATs have additional LPA acyltransferase activities (9) (10) (11) (12) (13) . Almost all of these AGPATs have been studied to define their substrate specificities and subcellular localizations (9) . Although human AGPAT1 and AGPAT2 isoforms are close homologues with similar in vitro substrate specificities for these recombinant proteins (14) , their tissue expression patterns are different: AGPAT1 is ubiquitously expressed, whereas AGPAT2 shows more restricted tissue distribution (14) . In a mouse tissue survey of all of the AGPAT isoforms, expression of Agpat1 was several-fold lower in liver (;14-fold), epididymal fat (;1.5-fold), and brown fat (;5.8-fold) than expression of Agpat2 (Supplemental Fig. 1 ).
Despite the presence of AGPAT1 in adipose tissue, genetic loss of AGPAT2 results in congenital generalized lipodystrophy, a syndrome of severe fat loss (15, 16) . Given the widespread expression of AGPAT1 and its lack of redundancy with AGPAT2 in adipocyte biology, the functions of AGPAT1 and the most important tissues in which it is active are not known. The association of a single-nucleotide polymorphism (rs 1061808) in the AGPAT1 locus with type 2 diabetes mellitus has been demonstrated in a genome-wide association study (17) and was also observed in the DIAGRAM study (18) , suggesting that AGPAT1 may be important for glucose homeostasis. Another single nucleotide polymorphism (rs3130283) in the AGPAT1 locus was associated with Alzheimer's disease (19) , also implicating AGPAT1 in brain function. As an initial step in characterizing the physiologic functions of AGPAT1, we generated Agpat1 knockout (KO) mice by homologous gene deletion and performed a detailed phenotype analysis, particularly on endocrine, metabolic, and neurologic functions.
Materials and Methods

Animals
All animal studies were approved by the Institutional Use and Care of Animals Committee at the University of Texas Southwestern Medical Center. All methods were performed in accordance with the relevant guidelines and regulations.
Agpat1
2/2 mice and genotyping Agpat1 +/2 mice (C57BL/129S6/SvEv) were obtained from Lexicon Inc. (The Woodlands, TX) and were crossed to generate the Agpat1 2/2 mice. Only wild-type (WT) and Agpat1 2/2 mice were used in this study. Mice were maintained on Teklad Global 16% Protein Rodent Diet, which contains 16.4% crude protein, 4% fat, 48.5% carbohydrates, and 3.3% crude fiber (Harlan Laboratories, Indianapolis, IN).
For the majority of experiments, genotyping was performed around postnatal day (P)10 to P14 depending on the experimental requirement using WT and KO specific primers. For hippocampal neuron isolation, genotyping was performed at P2 to P3. For the WT allele primer pairs 5 0 -TCACAGGGC-CCAGTCCTCTAGCAGA-3 0 (forward) and 5 0 -ATGGCGTC-CCCTGTGCGTTT-3 0 (reverse) were used, and for detecting the KO allele, primer pairs 5 0 -AATGGGCTGACCGCTTCCTCGT-3 0 (forward) and 5 0 -CCATTGTCCAGTGTAGGGCGGA-3 0 (reverse) were used employing touchdown polymerase chain reaction (PCR). The PCR products were analyzed on 1.2% agarose gels. Expected size DNA fragments WT 393bp and KO 450bp were observed, confirming the respective genotype.
Immunoblot analysis
Proteins were immunoprobed with specific antibodies. AntiStat5b (ab52162; lot #320972; 1:1000 dilution); pStat5b, pS731 (ab52211; lot #GR77090-1; 1:500 dilution) were from Abcam (Cambridge, MA). LC3/MAP1LC3A (NB100-2331; lot #V-1; 1:500 dilution) was from Novus Biologicals (Littleton, CO). Blots were incubated with secondary antibody to immunoglobulin G (IgG) [goat anti-rabbit-IgG conjugated to horseradish peroxidase (HRP)] at a 1:10,000 dilution (SC2004; lot #E2505; Santa Cruz Biotechnology, Dallas, TX) and detected with chemiluminescent HRP substrate (Millipore, Billerica, MA) and exposed onto X-ray films. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (AM4300; 1:5000 dilution) was from Ambion (Foster City, CA). Secondary antibody for GAPDH (goat anti-rabbit-IgG conjugated to HRP; SC2005; lot #E3113; 1:10,000 dilution) was from Santa Cruz Biotechnology. Antibodies used in this study are listed in Table 1 . A detailed method is presented in the Supplemental Material/Supporting Information.
Audiogenic startle seizure response P18 to P20 mice (Agpat1 2/2 mice, n = 11; WT mice, n = 15) were subjected to an audiogenic startle response procedure that consisted of a 1-minute burst of white noise at 100 dB delivered by a speaker (MF-1; Tucker-Davis Technologies, Alachua, FL) mounted to the top of the cage 6 inches above the mouse level. All mice were videoed during the procedure, and behavioral response was noted for the presence of seizure activity and was scored according to a modified Racine scale (20, 21) .
Hippocampal neuron culture
Hippocampal neuron culture and ascertainment of neuron purity are described in detail in the Supplemental Material/ Supporting Information. Briefly, the primary hippocampal region from either P4 or P5 mice was isolated from the brain and digested to release the neurons. Neurons were purified by density-gradient centrifugation by layering over a gradient of OptiPrep (Sigma-Aldrich, St. Louis, MO). Cells were seeded on tissue culture dishes or on a 35-mm glass bottom dish (MatTek, Ashland, MA), both previously coated with poly-DL-ornithine and laminin. Cells were allowed to grow in vitro for 4 days before glucose uptake assay was done. To assess the purity of the neuronal preparations on the OptiPrep gradient, cells were stained for neuron-specific markers (NeuroTrace 500; Invitrogen, Inc., Carlsbad, CA) or glial fibrillary acidic protein mouse monoclonal antibody as an astrocyte marker.
Glucose uptake assay in cultured neurons
Glucose uptake in cultured neurons is described in detail in the Supplemental Material/Supporting Information. Briefly, hippocampal neurons isolated from P4 to P5 Agpat1 2/2 and WT littermate pups were used for assaying glucose uptake. After neurons were grown for 4 days, cells were starved for 1 hour in sterile Dulbecco's minimal essential medium containing 5 mM glucose, 44 nM sodium hydrogen carbonate (NaHCO 3 ), and 0.045 mM phenol. Following starvation, the medium was replaced with Dulbecco's modified Eagle medium containing [ 3 H]-2-deoxyglucose, and radioactive glucose uptake by neurons was allowed to proceed for 1 hour. The incubation was terminated by removing 1 mL of medium, and cells were collected. Cell lysate was added separately to two different vials containing scintillation liquid, and radioactivity was counted using the Beckman LS6500 multipurpose liquid scintillation counter.
Testis cell labeling in histological sections
Testis cell labeling in histological sections is described in detail in the Supplemental Material/Supporting Information. Briefly, sections were treated for 18 to 24 hours at 22°C to 24°C with respective antibodies diluted in blocking buffer at the following concentrations: [1:400 mouse anti-Sall4 IgG (H00057167-M03; Abnova, Inc., Taipei City, Taiwan); 1:400 rabbit antiphospho-gH2A.X (Ser139) IgG (07-164; Millipore, Inc., Taipei City, Taiwan); 1:400 rabbit anti-CREMƬ IgG (sc-440; Santa Cruz Biotechnology, Inc); 1:2000 rabbit antib-galactosidase IgG, Z3783; Promega, Inc., Madison, WI)] diluted into Roche blocking (1% weight-to-volume ratio) reagent.
After treatment with primary antibodies, sections were incubated with respective AlexaFluor594 (Invitrogen, Inc) or AlexaFluor488 (Invitrogen, Inc.) secondary antibodies containing Hoechst 33342 dye (Molecular Probes, Eugene, OR). Sections were cover-slipped for viewing using Fluorogel mounting medium (Electron Microscopy Sciences, Hatfield, PA). Images were acquired using an IX70 Olympus fluorescence microscope (Olympus Inc., Center Valley, PA) equipped with Simple-PCI imaging software (C-Imaging Systems; Compix, Cranberry Township, PA).
Statistical analyses
For statistical analyses of body weight and glucose measurements over time, comparisons were made with mixedeffects repeated-measures analysis to test the effects of genotype, day, and interaction between genotype and day. The animal was modeled as a random effect with an autoregressive covariance pattern. Survival functions were compared with the generalized Wilcoxon test followed by Dunnett test for comparisons to the control group. Pearson correlation analysis was used to evaluate the association between Foxo1, G6Pase, and Pepck expression variables. These statistical analyses were done using SAS version 9.4 software. Statistical significance between two groups was calculated by two-tailed Student t test in Excel. A P value #0.05 was considered statistically significant.
All additional methods used in this study are provided in the Supplemental Material/Supporting Information. Fig. 2A ) or water intake (Supplemental Fig. 2B ) compared with WT mice. In Agpat1 2/2 mice, there was no change in O 2 consumption (Supplemental Fig. 2C ) and CO 2 production (Supplemental Fig. 2D ), resulting in no difference in the respiratory exchange ratio (Supplemental Fig. 2E ). Although we did see a small increase (13% to 15%) in energy expenditure (EE) (Supplemental Fig. 2F 2/2 mice were injected intraperitoneally daily with dex (1 mg/g) or peanut oil (100 mL) until the mice succumbed. The soft diet was placed in a petri dish on the cage floor. In the treatment schedule, there was a decrease in the survivability at 50%
Given that the food intake was similar between WT and Agpat1 2/2 mice with no difference in respiratory exchange ratio and EE, it remains unclear how the Agpat1 2/2 mice were dissipating energy; however, we interpreted these data with caution because only two Agpat1 2/2 mice were studied. Possible routes of increased EE include increased locomotion during the night (Supplemental Fig. 2G and 2H) or futile lipid cycling in pathways not involving Agpat1. Alternatively, these mice might have reduced nutrient absorption and increased fecal excretion (22, 23) in addition to a defect in hepatic gluconeogenesis; however, we did not assess nutrient absorption. The cervical brown adipose tissue from these mice was reduced, but there was no difference when normalized to body weight ( Fig. 2C and 2F ). We also observed reduced eWAT by visual inspection (Fig. 2G) ; however, this tissue was too small to weigh reliably. This decrease in eWAT is consistent with reduced plasma leptin levels (P , 0.001 for both sexes) ( Fig. 2H and 2I ). Because ;50% of the Agpat1 2/2 pups did not survive beyond 3 to 4 weeks, we attempted to rescue this phenotype with daily intraperitoneal injections of dexamethasone, peanut oil, or an accessible soft diet starting at P10. None of these interventions improved survival (Fig. 2J ). The early deaths could not be attributed to any specific postmortem histological findings (Supplemental Fig. 3 ).
Neonatal Agpat1 2/2 mice have minor alterations in lipid synthesis
We previously determined that the AGPAT1 enzyme has a slight preference for acyl-CoA C15:0-CoA over C18:1-CoA (14) . Therefore, we measured the total AGPAT enzymatic activity in Agpat1 2/2 mice using both the cosubstrates in homogenates of liver and testis, where AGPAT1 is a minor or major isoform, respectively ( Fig. 3A and 3B ). For male mice, we observed no significant decrease in the total AGPAT enzymatic activity in the livers of male Agpat1 2/2 mice using either cosubstrate (Fig. 3C ). In contrast, enzymatic activity in the testes of Agpat1 2/2 mice was significantly decreased compared with that of WT mice when measured with C15:0-CoA (Fig. 3D) . Therefore, the residual enzymatic activity in the testes of Agpat1 2/2 mice seems to be due to the activity of other Agpat isoforms (Supplemental Fig. 4 ). In addition, a modest but significant decrease in total AGPAT activity was evident in liver homogenates of female Agpat1 2/2 mice with both the C15:0-CoA and C18:1-CoA substrates (Fig. 3E ).
These data show that total AGPAT activity was variably reduced but not absent in the liver and testis of Agpat1 2/2 mice.
The expression of three major genes involved in fatty acid synthesis (Acc1, Fas, Scd1), three genes involved in TAG synthesis (Agpat2, Agpat10, Dgat2), and two genes involved in mitochondrial oxidation (Ucp1, Ucp2) was reduced in 3-week-old eWAT (Supplemental Table 1 ). Most other genes involved in fatty acid oxidation, TAG synthesis, glucose and mitochondrial biogenesis, and transcriptional factors associated with de novo lipogenesis and carbohydrate synthesis were unchanged (Supplemental Table 1 ).
Neonatal Agpat1
2/2 mice have reduced plasma glucose levels We observed a significant decrease in plasma glucose levels for the Agpat1 2/2 mice compared with the WT mice ( Fig. 4A ). The glucose values were followed in the same mice at P12 to P19 by tail vein puncture. Among animals that survived to day 21, the plasma glucose level in Agpat1 2/2 mice (obtained by cardiac puncture) was significantly lower than the level in WT mice ( Fig. 4B and 4C ), but plasma insulin and glucagon levels were similar to those of WT mice (Fig. 4D2G ). This result prompted us to attempt to rescue the animals by providing exogenous daily administration of glucose starting at P10; however, similar to administration of dexamethasone or peanut oil treatment, survivability remained unchanged (Fig. 4H ). Next, we measured the messenger RNA (mRNA) expression of key enzymes and transcription factors involved in gluconeogenesis. As shown in Table 2 , we found a decrease in Foxo1 expression by ;50% in five of 10 livers of male Agpat1 2/2 mice and five of six livers of female mice compared with WT mice. Those mice in which Foxo1 expression was downregulated compared with WT mice also had a significant decrease in the expression of Pepck (Supplemental Fig. 5 ; Table 2 ). Although expression of G6pase was also decreased in this group, it did not reach statistical significance (Supplemental Fig. 5 ; Table 2 ). We also measured liver glycogen, triglycerides, cholesterol, and total LPA and PA, as well as genes associated with glycogen synthesis, and found no change in Agpat1
mice compared with WT mice (Supplemental Fig. 6 ). These observations are consistent with a defect in hepatic gluconeogenesis as the cause of reduced plasma glucose level, which is most likely related to reduced Foxo1 expression. . survival only for the dex-treated group (P = 0.0539). However, the overall survival of treated Agpat1 2/2 mice was not much different from that of untreated mice. The number of mice tested is shown for each treatment group. Percent survivability was calculated against the total number of mice at the start of the treatment. Such treatment started around day 14, when the genotypes were available. The thick horizontal midline represents 50% survivability. The black line and error bars represent the mean 6 standard deviation, with the number of animals used shown beneath graphs (B, C, E, F, H, and I) and beside graph (J). *P , 0.001 by mixed-effects repeated-measures analysis in (A) and (D). Dot plot P value was determined by two-tailed Student t test. Survival curve P value was determined by generalized Wilcoxon test followed by the Dunnett test for comparisons to the control group. _, male; \, female.
Is low plasma glucose in Agpat1
2/2 mice unrelated to hepatic gluconeogenesis? We also measured the expression of key genes associated with fasting in the liver (14) , as well as plasma b-hydroxybutyrate and mitochondrial fatty acid oxidation markers, and found these parameters remained unchanged in Agpat1 2/2 mice compared with WT mice (Supplemental Fig. 7 ). We measured the additional plasma metabolites TAG, corticosterone, lactate dehydrogenase, alkaline phosphatase, and total mice is shown. The acyl-CoA used was C15:0 = pentadecylic acid and C18:1 = oleic acid. Symbols represent individual data points, and the line represents the mean 6 standard deviation (SD) with the n value shown below the graph. Bars represent the mean 6 SD. P value was determined by two-tailed Student t test. _, male; \, female. Primer pairs used are provided in Supplemental Table 3 .
bilirubin (Supplemental Fig. 8 ) and found no difference in the metabolites, which may identify the mechanism of low glucose level. We found slight alterations in aspartate aminotransferase and alanine aminotransferase, measures of liver dysfunction, and in creatinine and creatine kinase, measures of muscle dysfunction. We then measured the expression of genes involved in fatty acid and TAG synthesis, transcription factors that regulate lipid and carbohydrate synthesis, and proximal genes involved in insulin signaling in the liver, and we found no significant differences between Agpat1 2/2 and WT mice (Supplemental Table 2 ). These observations suggest that defects in hepatic gluconeogenesis are the main reason for the low plasma glucose level.
Growth hormone-insulinlike growth factor axis in Agpat1 2/2 mice Growth hormone (GH) defends against hypoglycemia during prolonged fasting by stimulating gluconeogenesis (24) . Given the likely gluconeogenesis defect in Agpat1 2/2 mice, we determined whether the GH2insulinlike growth factor (GH-IGF) pathway (Fig. 5A) was dysregulated in the livers of Agpat1 2/2 mice. Although plasma GH levels were preserved ( Fig. 5B and 5C ), there was a decrease in plasma IGF-1 levels in Agpat1 2/2 mice of both sexes (male, P = 0.01; female, P = 0.006) (Fig. 5D and 5E ). The decreased plasma IGF-1 level was consistent with the downregulation of liver Igf-1 mRNA expression (Fig. 5F ). GH signals through activation of Janus kinase 2, which phosphorylates the signal transducer and activator of transcription 5B (Stat5b) transcription factor. Phosphorylated Stat5b dimers drive expression of GH-specific genes, including Igf-1 (Fig. 5A) (25) . We observed a decrease in the expression of Stat5b mRNA but only in female Agpat1 2/2 livers (P = 0.03) (Fig. 5F ). Despite this decrease in mRNA, we observed an increase in phosphorylation in Stat5b protein in the livers of female Agpat1 2/2 mice (P = 0.04) (Fig. 5H) but not in Stat5b mRNA, protein, or phosphorylation in males (P = 0.32) (Fig. 5G) . We found no difference in autophagyrelated proteins (see extended results and Supplemental survivability. Survival curve P value was determined by the generalized Wilcoxon test followed by the Dunnett test for comparisons to the control group. Dot plot P value was determined by two-tailed Student t test. _, male; \, female. Fig. 9 ) that are known to generate substrates for energy production and gluconeogenesis in GH-treated livers (26, 27) . In summary, alterations in GH-stimulated Stat5b signaling do not explain the reduced Igf-1 expression observed in Agpat1 2/2 livers.
Agpat1
2/2 male mice have reproductive abnormalities Our initial histological observations of 6-week-old testes suggested that spermatogenesis is disrupted in Agpat1 2/2 mice ( Fig. 6A and 6B ). Because luteinizing hormone (LH), follicle-stimulating hormone (FSH), and testosterone are required for spermatogenesis, we measured these hormones in plasma from 6-week-old male mice. Although testosterone was similar, LH and FSH were higher in Agpat1 2/2 mice than in WT mice (P = 0.03 and P = 0.04, respectively) (Fig. 6C26E) . If the spermatogenesis defect were due to the runted state and leptin deficiency, gonadotropins would be low and not high. (Fig. 6G) . H2A histone family, member X (gH2AX) is a histone marker for double-stranded DNA breaks that become abundant during early meiotic prophase in leptotene and zygotene spermatocytes before becoming highly localized to the X-Y body in pachytene spermatocytes (30, 31) . gH2AX labeling wanes to background levels in round spermatids and then becomes prominent in the nucleus of elongating spermatids (31) . All seminiferous tubules in WT testes contained gH2AX + spermatocytes at respective steps in development ( Fig.  6G and 6H ). Unlike in WT mice, ;5% of tubules in Agpat1 2/2 mice completely lacked gH2AX + spermatocytes (Fig. 6G ). An antibody to the transcription factor cAMPresponsive element modulator tau (CREMƬ) was used to analyze spermatocyte development during middle to late steps in meiosis and in round spermatids (32) . In WT mice, CREMƬ was detected in pachytene, diplotene, and secondary spermatocytes and then increased in relative abundance during steps 1 to 8 of spermiogenesis to yield intense antibody labeling in round spermatids (Fig. 6I) . CREMƬ + middle to late pachytene spermatocytes were detected in testis sections from Agpat1 2/2 mice on the basis of colabeling nuclei with Hoechst 33342 (Supplemental Fig. 10 ). Colabeling with Hoechst 33342 nuclear dye and CREMƬ or gH2AX clearly indicated that no round or elongating spermatids were present in Agpat1 2/2 mouse seminiferous tubules (Fig. 6G2I) .
Accordingly, all seminiferous tubule cross sections analyzed in WT mice contained round spermatids (CREMƬ + /gH2AX 2 ) and/or elongating spermatids (CREMƬ 2 /gH2AX + elongated nucleus) (Fig. 6G26I) .
Thus, Agpat1 2/2 mouse spermatogenic cells developed into pachynema of meiotic prophase I but were not able to develop into round spermatids. Agpat-family transcript expression profiles generated during postnatal germ cell development in WT mouse testes were mined from microarray data in silico [NCBI GEO Profiles: GSE640 datasets (33)]. Agpatfamily transcript profiles were consistent with selective expression in somatic (Agpats 4, 5, 8) and/or various spermatogenic testis cell types (Agpats 1, 2, 3, 4, 5, 6, 8) during postnatal testis development (Supplemental Fig. 11 ). The relative abundance of Agpat1 transcripts increased sharply between P21 and P29 (Supplemental Fig. 11 ). The increase in Agpat1 transcripts between Gene expression levels of transcription factor Foxo1, which regulates key gluconeogenesis genes Pepck and G6pase, in the livers of 3-week-old Agpat1 2/2 mice. Shown are the fold changes of each gene in the livers of the same Agpat1 2/2 mice compared with WT mice = 1. The expression patterns are grouped according to the expression of Foxo1 being less than or more than 1. The mean 6 SD of each group is also presented. The correlation coefficient (r) and P value of the expression of Pepck and G6pase compared with that of Foxo1 are shown.
Abbreviations: Foxo1, Forkhead box O1; G6pase, glucose-6-phosphatase; Pepck, phosphoenolpyruvate carboxykinase; SD, standard deviation.
P21 and P29 correlated strongly with the accumulation of first-generation round and elongating spermatids during the onset of spermiogenesis (33) and thus was consistent with the lack of spermatid production in Agpat1-null mice (Fig. 6G) . Continued accumulation of Agpat1 transcripts up to P45 Figure 5 . GH signaling pathway in the livers of Agpat1 2/2 mice. (A) Schematic shows the GH signal transduction in which GH binds its cognate growth hormone receptor (GH-R) and activates Janus kinase (JAK), which then phosphorylates signal transducer and activator of transcription 5b (Stat5b). Phosphorylated Stat5b (p-Stat5b) dimerizes and translocates to the nucleus and activates GH-specific gene expression. (B, C) Plasma GH levels remained unchanged in both sexes. (D, E) However, plasma IGF-1 levels were decreased in Agpat1 2/2 mice of both sexes. (F) Liver gene expression of Lc3, Gh, Ghr, Igf-1r, and Stat5b remained unaffected in both sexes. Expression of Igf-1 is shown in bold type. N.D., not detectable. Shown are the mean 6 standard deviation (SD) fold changes from individual samples (male, n = 5; female, n = 6) compared with WT = 1. (G, H) Immunoblot for Stat5b and pStat5b is shown; the representative images of three independent samples were obtained from six WT and five Agpat1 2/2 mice. The images were used for semiquantification using ImageJ. The Stat5b and p-Stat5b spots were normalized to GAPDH. The ratios of Stat5b to GAPDH are given below the images. The ratio of unphosphorylated to phosphorylated Stat5b reached statistical significance only in females [(G) male; (H) female]. We noticed a faster migrating band also identified with the p-Stat5b antibody used, which is a nonspecific band. The gel blots as shown have been cropped from the X-ray film images provided as Supplemental Fig. 18 . In (B-E), the line represents the mean 6 SD, with the number of animals used underneath the graph. P value was determined by two-tailed Student t test. Gh, growth hormone; Ghr, growth hormone receptor; Lc3, microtubule-associated protein 1A/1B-light chain 3; Igf-1, insulinlike growth factor 1; Igf-1r, insulinlike growth factor 1 receptor; _, male; \, female. doi: 10.1210/en.2017-00511 https://academic.oup.com/endocorrelated with peak Agpat1 expression in elongating spermatids (Supplemental Fig. 11 ) and was consistent with antibody labeling for the b-galactosidase mice (Fig. 1A) . 
(D) LH and (E) FSH levels in Agpat1
2/2 mice were significantly higher than levels in WT mice, indicating the arrest of spermatogenesis (n = 3 to 6). For the box-and-whisker plots, the boxes represent the 25th and 75th percentiles, the line represents the median, and the whiskers represent the minimum and maximum values. (F) Prominent steps in spermatogenic cell development were monitored in WT and Agpat1 2/2 mice using antibodies to SALL4, gH2AX, and CREMƬ, which selectively label nuclei in spermatogonia, spermatocytes, and round spermatids, respectively (28) (29) (30) (31) (32) (33) . gH2AX also selectively labels elongated nuclei in elongating spermatids (31 Fig. 12A and 12B ). LH levels seemed to be higher in the Agpat1 2/2 mice, although LH levels in the plasma of WT mice were below the detectable range of the assay, so no statistical conclusion could be made (Fig. 7A) . Plasma FSH levels, estradiol, and progesterone levels were unchanged in Agpat1 2/2 mice compared with WT mice (Fig, 7B27D) .
To determine whether the ovulatory defect was primarily central or ovarian, Agpat1 2/2 female mice were administered two injections of human chorionic gonadotropin 2 days apart and were euthanized 48 hours after the second injection (Fig. 7E) . Compared with untreated Agpat1 2/2 mice (Fig. 7F) , the treated animals showed development of corpora lutea, indicating responsiveness to gonadotropins and ovulation (Fig. 7G) . These experiments show that the ovaries of Agpat1 2/2 mice were responsive to gonadotropins and suggest that the ovulation defect was primarily central, most likely related to low body fat and leptin deficiency. 2/2 mice show an increase in distinct regions of the corpora lutea in treated female mice. Images are representative of three independent images. Scale, 100 mM. For the box-and-whisker plots, the boxes represent the 25th and 75th percentiles, the line represents the median, and the whiskers represent the minimum and maximum values. The number of animals used is shown underneath the graph. The P value was determined by two-tailed Student t test. N.D., not detectable. To further explore this phenotype, we subjected the mice to white noise pulses at 100 dB (db) for 1 minute to determine whether the seizures were indeed audiogenic inducible seizures. We observed that 7 of 11 Agpat1 2/2 mice had behavioral seizure activity when subjected to the audiogenic startle response, whereas only 3 of 15 WT mice responded with behavioral seizure activity during audiogenic stimulus (Mann-Whitney U test, P = 0.0426) (Fig. 8A) . In audiogenic responders, behavioral responses were typical for the audiogenic crisis response with wild running and jumping followed by loss of balance and tonic-clonic activity of the forelimbs and hind limbs (see Supplemental Video 1).
To explore the link between seizures and Agpat1 expression in the brain, we took advantage of the Agpat1 gene-KO strategy, in which LacZ is expressed under the Agpat1 promoter. We sectioned the entire brain from anterior to posterior in 33 to 35 sections of ;400-mm thickness and stained for the expression of LacZ. Intense staining was observed from approximately 2400 to 9200 mm (forebrain to hindbrain) (Supplemental Fig. 13 , images 8 to 22). Additional LacZ staining (marking the expression pattern of Agpat1) was noted in the prelimbic cortex, medial orbital cortex, anterior olfactory nucleus, hippocampal region, cornu ammonis (CA) 1, CA2, CA3, dentate gyrus, auditory cortex, medial dorsal thalamic nucleus, and Purkinje neurons found in the cerebellum (Supplemental Fig. 14A2C ). Some LacZ staining was also noticed in the solitary tract of the brain (Supplemental Fig. 14A2C ).
To measure whether the brains of Agpat1 2/2 mice have any abnormality in neuron migration and localization, we chose representative sections from the forebrain, midbrain, and hindbrain and further stained them with nuclear fast red (Supplemental Fig. 14A2C ). These images did not reveal any defect in neuron localization or migration.
The hippocampus is a hub of information processing and can be affected during epileptic seizures (34), although it is unclear whether seizures originate in the hippocampus (35, 36) . We analyzed the anatomical features of hippocampi from the Agpat1 2/2 mice (Fig. 8B) . We observed that the CA region was slightly deformed in Agpat1 2/2 mice compared with WT mice in neonatal (day 14) (Fig, 8C) and was more pronounced at day 21 (Fig, 8E) ; however, the trend toward a decreased CA-region thickness in Agpat1 2/2 mice compared with WT mice did not reach statistical significance on day 14 (Fig. 8D ) or day 21 (Fig. 8F) . Furthermore, when we counted the number of neurons in a selected area of the CA region at day 21, we again noted a trend toward fewer neurons in Agpat1 2/2 mice than in WT mice, but it did not reach statistical significance (Fig. 8G and 8H) . We also measured the LPA and PA levels in the whole hippocampi of 4-day-old Agpat1 2/2 and WT mice but did not find any differences (Fig. 8I and 8J) , with the caveat that these samples were mixtures of neurons, glial cells, and other cell types. These observations suggest that these mice have some anatomical abnormalities in the hippocampal region, including a trend toward a reduced number of neurons.
Because neurons use only glucose as their energy source, we next questioned whether hippocampal neurons in these mice have abnormal glucose uptake, which might affect their function. To accomplish this goal, we used primary hippocampal neuronal cultures obtained from days 3 to 5 in WT and Agpat1 2/2 mice to assess their glucose uptake efficiency. When such in vitro cultured neurons were incubated with
we observed no statistically significant difference in glucose uptake between the WT and Agpat1 2/2 mice (Fig. 9A) . In these experiments, the majority of cells were neurons (;85% of the total number of cells), with glial cells corresponding to ;15% as measured by counting for neuron-and glial cell2specific markers (Fig. 9B29D) . We also measured the expression of genes of the lipid synthesis pathway, including sterol regulatory elementbinding transcription factor 1c, a transcription factor regulating lipogenesis, in the hippocampus. None of the genes examined changed more than 1.5-fold up or down in Agpat1 2/2 mice compared with WT mice (Fig. 9E ).
Discussion
The human AGPAT1 and AGPAT2 proteins are highly homologous (14) . Likewise, mouse Agpat1 and Agpat2 proteins are highly homologous [47.0% identity, 74.6% similar as analyzed using reference (37) ]. In addition, the substrate-binding sites and catalytic sites of the two isoforms are predicted to be identical. Because of the substantial homology between mouse and human AGPAT1 and AGPAT2 proteins, mouse Agpat1 and Agpat2 proteins are predicted to localize in the endoplasmic reticulum like the human isoforms (14) . Despite the strong homology between the proteins, the phenotypes of the Agpat1 2/2 and Agpat2 2/2 mice were very different. When we generated the Agpat2 2/2 mouse (38), which was based on the human congenital mice succumbed very early in life, and of those who survived past day 21, only ;10% reached sexual maturity at 6 weeks of age. Few animals lived beyond 10 weeks despite efforts to rescue them with food or glucocorticoids. This high early mortality rate seriously challenged our characterization of these mice. Nevertheless, we showed that these mice had reduced body fat and plasma glucose level, infertility in both males and females, and audiogenic seizures. These findings indicate the importance of Agpat1 in several organs, primarily the testis and brain.
The Agpat1 2/2 mice had reduced fat mass and plasma glucose levels at 3 weeks of age. Hypoglycemia in newborn mice is not well studied, given the paucity of methods for interrogation and intervention in suckling mice; furthermore, no consensus definition for hypoglycemia in mice has been established. Nevertheless, we explored likely causes for reduced plasma glucose levels in Agpat1 2/2 mice. We noted a decrease in the expression of enzymes involved in liver gluconeogenesis, as well as the transcriptional suppression of Foxo1. Foxo1 has been shown to transcriptionally regulate key gluconeogenesis enzymes (39) , and low expression of Foxo1 reduced the upregulation of G6pase and Pepck in response to low glucose levels. We also observed a downregulation of Igf1 in the livers of Agpat1 2/2 mice, despite preservation of the GH-Stat5b signaling pathway (Fig. 10) . These findings are consistent with GH insensitivity, as occurs with malnourishment, but we cannot exclude a contribution from reduced Foxo1 activity or even coordinate dysregulation of both the GH2IGF-1 and gluconeogenesis pathways through an unidentified third factor, which may be primarily related to Agpat1 deficiency. In addition to metabolic defects, the Agpat1 2/2 mice displayed infertility, but the mechanisms of infertility appeared different in male and female animals. Advances in sperm developmental studies have identified numerous stage-and developmental step2specific transcript and protein markers that helped us examine spermatogenic arrest (28-33, 40, 41) . In Agpat1 2/2 mice, spermatogenesis arrested at steps between mid-to late-pachytene spermatocyte and round spermatid development. Molecular mechanisms by which testicular Agpat1 deficiency disrupts spermatid development remain unclear, but Agpat1 is a dominant isoform in the testis. The AGPAT enzyme produces PA, which acts as both a signaling molecule and a precursor for various other phospholipids essential for cellular membrane biosynthesis. Membrane biosynthetic roles for another acyltransferase, Agpat3, were recently implicated in the TM4 Sertoli-like cell line (42) . It was proposed that storing polyunsaturated fatty acids in phosphatidylcholine within Sertoli cells would provide polyunsaturated fatty acids to associated spermatogenic cells via a controlled paracrine release to support spermatozoon development (42) . Immunohistochemical studies of mouse testes also suggested the presence of AGPAT3 in spermatocytes and spermatids (43, 44) . AGPAT3 colocalized with a marker for cisGolgi (GM130) in spermatogenic cells and correlated with increased levels of unsaturated fatty acids in phospholipids obtained from the maturating mouse germ cells (43, 44) . Like Agpat1, Agpat 2, 3, and 6 displayed expression profiles consistent with robust expression in spermatids, whereas other Agpat isoenzymes displayed transcript profiles consistent with peak expression in earlier premeiotic, meiotic (e.g., Agpat 4 and 5), and/or somatic testis cells (e.g., Agpat 4 and 8) (see Supplemental Fig. 11 ). Unlike the testes, the ovaries of Agpat1 2/2 mice showed apparently normal germline development at histology, although with significant defects in late follicular maturation. Although female Agpat1 2/2 mice were responsive to exogenous gonadotropin (see Fig. 7 ), they had erratic estrus cycles compared with those of WT mice. The estrus cycles of most female Agpat1 2/2 mice tended to have prolonged diestrus stages (Supplemental Fig. 15 ). Both male and female Agpat1 2/2 mice had low plasma leptin levels because of decreased adipose tissue, but gonadotrpins were elevated only in the males. Given the well-established influence of leptin on the hypothalamic-pituitary-gonadal axis (45), we attribute the oligoanovulation in the female animals to functional hypothalamic infertility without a major primary ovarian defect.
The final major phenotype of Agpat1 2/2 mice was seizures/epilepsy (46, 47) , most commonly that due to sound (audiogenic) (48, 49) . The fact that this type of 2/2 mice, the GH signaling pathway remains intact. However, a decrease in Igf-1 expression, which could result from the decreased Foxo1 levels, is shown. This event is not related to the phosphorylation of FOXO1. The thick downward arrows on far right represent decreased transcription, whereas the thick upward arrows represent increased transcription.
seizure originates in the CA region in the hippocampus [(50, 51) , and reviewed by Wolfart and Laker (52) ] and that AGPAT1 is highly expressed in the hippocampal region of the brain, shown both by our LacZ staining and in the Allen Brain Atlas (www.brain-map.org) (Supplemental Fig. 16 ), prompted us to search for abnormalities in this region of the brain. We found subtle abnormalities of hippocampal development and phospholipid content that were not statistically significant and do not appear to account for the predisposition to seizures. Although we did not see any changes in the ability of hippocampal neurons from Agpat1 2/2 mice to use glucose, we have not examined whether these neurons have the ability to use other substrates such as lactate, which is provided mainly by astrocytes (53) . There is scant literature exploring energy balance (fuel utilization) and brain biochemistry in animals with audiogenic seizures (54, 55) . In these studies, the relationship between audiogenic seizures and energy was studied using the whole brain, in contrast to the current study, in which we assessed energy in isolated neurons. In another study using Wistar Audiogenic Rats, Pereira et al. (56) studied the relationship of energy and audiogenic seizures in peripheral tissues. They assessed the metabolism of glucose in the jejunum and skeletal muscle and found no correlation with seizures; however, they did notice a decrease in muscle glycogen content. Interestingly, these studies were conducted in adult WT mice, and no specific genetic alterations were ascertained. Thus, there seems to be no animal model for studying neonatal audiogenic seizures in a well-defined monogenic background.
Although it is still possible that peripheral tissues such as muscle or intestine participated in initiating audiogenic seizures in our Agpat1 2/2 mice, this will require additional The lack of compelling alterations in brain metabolism for Agpat1 2/2 mice suggests that the biochemical defects leading to seizures are found in other pathways. Various receptors and channels are implicated for the early onset of seizures (57) , and these proteins are embedded in the plasma membrane. Recently, mutations in genes encoding potassium channels-KCNQ2 and KCNQ3 (58, 59), which encode voltage-gated potassium channels Kv7.2 and Kv7.3-have been implicated in early seizure disorders of infants and young children. Mice with these mutant potassium channel genes expressed in the brain also showed early life seizures (60) . We speculate that abnormal generation of PA species from LPA because of the Agpat1 deficiency might influence membrane composition and therefore ion-channel function in these membranes. In support of this model, PA has been shown to regulate potassium channel function, primarily through the regulation of voltage gating (61) . Consequently, the Agpat1 2/2 mouse model might serve as a useful model of epilepsy, which affects ;1% of the population (62, 63) , both for elucidating the pathogenesis and for screening of new therapies. In summary, the Agpat1 2/2 mice revealed multiple defects, including hypoglycemia, reproductive abnormalities, and audiogenic seizures, which is consistent with the ubiquitous tissue expression pattern of Agpat1. These results illustrate how each member of the sn-2 acyltransferase family seems to serve specific biological function(s) with limited or no redundancy from other isoenzymes. Furthermore, the regulation of AGPAT enzymatic activity includes not only expression of its cognate genes but also tissue distribution, subcellular localization, and access to substrate(s). Nevertheless, our data support indispensable functions for Agpat1 in the testis and brain, as well as the liver and other tissues. 
